The SPS proton-antiproton collider operates with a maximum beam--beam tune shift of about 3 x 10-3 per crossing. The However, in order to cause minimum perturbation to the operating collider, the experiments reported below were performed using the normal machine lattice (equal strength in the two quadrupole strings). The price to be paid for this was that the orbit deformation was not maximum at the crossing points (figure 2 The effectiveness of subsequent beam separation in reducing the total tune spread and thereby moving the antiproton tune out of the resonances could then be assessed. Figure 3 shows the difference between closed orbits measured with and without the separators. The maximum peak---to-peak orbit deformation was ± 4 mm.
crossing. The Difference between two closed orbits with and without separation
The distance between the beam centres at the crossing point with the smallest separation (13) would then be 5 mm, corresponding to 5.2 sigma between centres for Gaussian beanms with a normalized emittance of 25w mm.mrad.It can be seen that the closed orbit is quite well compensated in the region between LSS4 and LSS5, the residual deformation being within the precision of the measurement (± 0.5 mm).
Several experiments were performed with separated beams. In all cases the protons and antiprotons were injected and accelerated without separation. After moving the electrodes to their nominal gaps, chosen to give sufficient voltage for good power supply stability, generally = 100 kV, the tunes were During the rise of the separators to keep the orbit bump compensated the voltages were brought up slowly in 5 kV steps for the strongest separator and proportionately for the three others. Figure 4 shows a chart recorder output of the intensity of a single bunch of antiprotons during the separation. The initial antiproton lifetime is very bad because of the high tune. As the separation is brought up, the lifetime steadily improves as the antiproton tune, which is not measurable due to the low intensity and large tune spread, moves downwards towards that of the protons and out of the 10th order resonances. It should be noted that there is no indication of any adverse effect during partial separation.
In order to evaluate the performance of the separators, they were used for two long physics coasts in which the beam centres were separated by 5.2 mm at the point of smallest separation, corresponding to t 2.7 sigma for the normalized emittance of 25r mm.mrad (the emittance is defined as c/ir = 4yo2/B*). The longest run lasted for 23 hours and the machine performance was at least as good as without separation. There is no reason that separation should improve the performance with three bunches per beam since the total tune spread without separation corresponding to a beam--beam tune shift of 3 x 10-3 per intersection can be accommodated in a region free of resonances up to 13th order (odd) and 16th order (even). Nevertheless, it was found that the precise control of the tune needed to maximize the lifetime and minimize the background in the experiments was considerably less critical than without separation.
It was possible to trim the separators around their nominal settings in order to make small parallel displacements of the beams at one of the experimental collision points (14) and almost parallel displacements at the other (A* between I4
and I5 is 160°). It was found that the antiproton bunch lifetime was practically independent of the offset between the beam-centres. In order to check that this was not due to a favourable cancellation of resonance excitation terms between the two collision points, an experiment was performed in which one of the proton bunches was killed with the beams held off-centre so that a test antiproton bunch only experienced beam-beam collision at a single crossing point. The lifetime remained unchanged.
By measuring the beam--beam rate as a function of separation it is possible to measure the effective overlap int,egral of the two beams and to calibrat.e the luminosity (Van der Meer method). Figure 5 shows the result of one such measurement performed in collaboration with UAl at the end of a physics coast. The scan was limited in the positive direction because one of the separators required a change of polarity, which was not possible due to hardware limitations. The fact that the peak in the beam---beam rate is slightly offset shows that the computed bump was not perfectly compensated. The solid curve is a Gaussian fit to the measured data.
The counting rate R(d) as a function of the separation d between beam centres is given by
where N p (x) is the particle density distribution in the hArizontal plane. Assuming Gaussian distributions for both beams, the integral can be solved:
Fig. 4 Intensity decay of an antiproton bunch as the separation is brought up.
it can be seen from the f it that the measured curve is indeed very close to Gaussian.
It is of interest to compare the measured overlap 
Crossing Angle Simulation
It is known that beam--beam collisions with a large (-10 mrad) crossing angle can lead to unwanted effects, in particular to the excitation of synchrobetatron resonances5). The most popular scenario for the design of the large hadron collider (LHC assumes a small crossing angle of -± 50 prad. Consequently, it is of interest to simulate such a crossing angle at the SPS. By reversing the polarities of two of the separators through an interchange of the high voltage power supplies of 520 and 522 it is possible to make an orbit distortion between LSS4 and LSS5 leaving the orbit unperturbed over the rest of the ring and in such a way that the bunches cross at an angle at the intersection point 14. The maximum crossing angle was limited by the closed orbit distortion in the low--beta quadrupoles at 900 from the interaction poiht. The maximum angle achieved was 4 175 prad.
In order to evaluate the effect of the crossing angle, a single proton bunch was injected together with two antiproton bunches. The first bunch (x) interacted with the proton bunch at the crossing angle (14) as well as head-on at the diametrically opposite point in the ring (I). The second antiproton bunch (Y) collided with the proton bunch head-on at two normal crossing points (I3 and 16). In this way it was possible to compare the behaviour of the two bunches under identical machine conditions. 
